We have recently expressed a new phytase enzyme in a yeast system.
Introduction
Microbial phytase has been shown to be an effective alternative to inorganic P supplementation in swine diets (Cromwell et al., 1995; Liu et al., 1997; O'Quinn et al., 1997) . Replacing inorganic P in these diets reduces P excretion by up to 50% ( Lei et al., 1993b; Kornegay and Qian, 1996; Han et al., 1997) . In addition, supplemental microbial phytase has been shown to improve the bioavailability of other minerals whose bioavailabilities are affected by dietary phytate (Lei et al., 1993a; Adeola et al., 1995; Stahl et al., 1999) . Despite these nutritional 1 This research was supported in part by Diamond V (Cedar Rapids, IA) and the Biotechnology Program of Cornell Univ. We thank BASF (Mt. Olive, NJ) for the donation of microbial phytase, American Protein Corporation (Ames, IA) for the donation of plasma protein, and Y. M. Han for the preparation of the new phytase. 2 To whom correspondence should be addressed: .
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(564 vs 567 g), gain/feed (.597 vs .589), plasma inorganic P concentrations (8.9 vs 8.4 mg/dL), and mobility scores (4.25 vs 4.46) that were higher (P < .05) than those of the negative control. In Exp. 2, plasma inorganic P concentration was a fairly linear response to the phytase dose (r > .83) at wk 1 and 2. Overall ADG of pigs also tended to increase with the phytase dose (P = .15). In Exp. 3, pigs fed the two sources of phytase had ADG (483 vs 506 g) similar to that of the positive control (508 g). These two groups also had similar plasma inorganic P concentrations (7.7 vs 7.4 mg/dL) that were lower (P < .05) than those of the positive control group (9.7 mg/dL). There was no significant effect of dietary treatments on ADFI in all three experiments. In conclusion, our new phytase was as effective as Natuphos, at the inclusion level of 700 or 1,200 U/kg of a P-deficient, corn-soybean meal diet, in improving phytate-P utilization by young pigs.
and environmental benefits, supplementing microbial phytase to pig diets is currently only cost-effective in certain parts of the world that have high penalties or costs associated with the disposal of manure high in P. Due to concerns over the cost and other limitations of the currently available commercial phytase (Wodzinski and Ullah, 1996) , the search for a more desirable phytase has been actively pursued (Mitchell et al., 1997; Kerovuo et al., 1998; Kim et al., 1998) . Because yeast products have long been known to be safe for both human and animal consumption, our laboratory has studied different yeast systems for phytase expression and successfully expressed a new phytase in Pichia pastoris (Rodriguez et al., 1999a, b) . This new phytase is distinctly different from the commercially available phytase (Natuphos, BASF, Mt. Olive, NJ) in biochemical properties, and it effectively releases phytate-P from soybean meal in vitro (Rodriguez et al., 1999a, b) . The objective of this experiment was to compare the efficacy of this new phytase (ECAP) to that of Natuphos in improving the bioavailability of phytate-P in a corn-soybean meal basal diet fed to young pigs. 
Materials and Methods
Phytases. The commercial phytase (Natuphos), a recombinant enzyme of Aspergillus niger phyA phytase, was kindly provided by BASF (Mount Olive, NJ). The specific activity was 5,000 U/g product (1 U is defined as the amount of enzyme that liberates 1 mol of inorganic P from sodium phytate per minute at pH 5.5 and 37°C). Expression of our new phytase (ECAP) in Pichia pastoris X33 has been described elsewhere (Rodriguez et al., 1999a, b) . After the medium supernatant was Additions of phytase, Ca, and P i were made at the expense of corn.
e Phytase produced by a yeast expression system in our laboratory. f Inorganic P (P i ) was added as dicalcium phosphate. Additional Ca, as calcium carbonate, was used to balance Ca:P ratio. The levels of added calcium were: Exp. 1, .23%; Exp. 2 and 3, .16%.
concentrated by centrifugation and filtration, the enzyme was freezer-dried and the specific activity was adjusted to 500 U/g product using ground wheat middlings as a carrier.
Animals, Diets, and Measures. Our experiments were
approved by the Institutional Animal Care and Use Committee of Cornell University. In all three experiments, all of the 140 pigs were Landrace-YorkshireDuroc crossbreds from the Cornell University Swine Farm. They were allotted into treatment groups on the basis of body weight, litter, and sex. Three basal diets were used (Table 1) . Dietary treatments of the three experiments were arranged as described in Table 2 . Experimental diets within each experiment were formulated to have similar Ca:P total , and phytase-supplemented diets contained no inorganic P supplementation. Designated levels of dietary phytase activity were verified, after the diets were prepared, as described previously (Han et al., 1998) . Two pigs were reared per pen (.88m × 2.35m, concrete floor) in an environmentally controlled barn (18 to 21°C and a 14:10 h light:dark cycle), given free access to feed and water, and checked twice daily. Wasted feed from individual pens was collected and weighed daily. Individual pig body weight and pen feed consumption was recorded weekly. Blood samples were taken from the anterior vena cava of all pigs weekly to assay for plasma inorganic P concentrations (Gomori, 1942) . Plasma was prepared by centrifuging the whole blood at 3,000 × g (GS-6KR Centrifuge, Beckman Instruments, Fullerton, CA) for 15 min at 4°C and was then deproteinated with 12.5 % trichloroacetic acid. At the end of Exp. 1, the mobility of each pig was scored by two swine specialists unaware of the dietary treatments. Based on the movement of individual pigs down a 25-m hallway (concrete-floored), they assigned a number as described by Han et al. (1998) , with 5 representing excellent movement and 1 representing the inability to walk or stand. Experiment 1. Forty-eight pigs (6 wk old, 11.67 ± .82 kg BW) were used to compare the efficacy of this new phytase with that of Natuphos, at an inclusion level of 1,200 U/kg of diet. Pigs in group 1 were fed the low-P, corn-soybean meal basal diet with whey protein concentrate (CSW, Table 1), and pigs in groups 2, 3, and 4 were fed either the CSW + 1,200 U of ECAP or Natuphos/kg of diet, or .22% inorganic P as dicalcium phosphate (Table 2 ). Higher dietary Ca supplementation was given to pigs in group 4 in order to maintain a Ca:P ratio similar to that of the diets fed to the other three groups. The trial ended after 4 wk when the pigs fed the CSW showed clinical signs of P deficiency.
Experiment 2. Fifty pigs (6 wk old, 11.67 ± .80 kg BW) were divided into five groups to determine their responses to different levels of the new phytase supplementation. The basal diet (CSP) was similar to CSW but contained plasma protein instead of whey protein concentrate (Table 1) . Pigs in groups 1 to 4 were fed the CSP + 300, 600, 900, or 1,200 U of ECAP/kg of diet, respectively. The pigs in group 5 were fed the CSP + .17% inorganic P and additional Ca ( Table 2 ). The trial lasted for 4 wk.
Experiment 3. Forty-two pigs (4 wk old, 8.23 ± .93 kg BW) were allotted into three treatments to compare the efficacy of the new phytase to that of Natuphos, at a marginally optimal dose (700 U/kg of diet). The basal diet (CSPA) was identical to CSP except for the addition of .2% citric acid (Table 1) . Pigs in groups 1 and 2 were fed the CSPA + 700 U of ECAP and Natuphos/kg diet, respectively. Pigs in group 3 were fed the CSPA + .17% inorganic P and additional calcium ( Table 2) . The trial lasted for 5 wk.
Statistical Analysis. Data were analyzed using the GLM procedure as a completely randomized design with time-repeated measurement analysis (SAS, 1988 ). Duncan's multiple range test was used to compare treatment means. Data from Exp. 2 were also analyzed using the regression procedure. Significance level was set at P < .05 unless indicated otherwise.
Results

Experiment 1.
Initially there were no significant differences in plasma inorganic P concentration (13.19 ± .71 mg/dL) among treatment groups. At wk 1, the plasma inorganic P concentrations of the group fed the CSW + inorganic P were higher (P < .05) than those of any other group (Figure 1) . Pigs receiving either source of phytase supplemention had similar plasma inorganic P concentrations, which were higher (P < .05) than those of the group fed only the CSW. The same pattern re- Corn-soybean meal diet containing plasma protein and citric acid.
x,y,z
Means within the same experiment without a common superscript letter are different (P < .05). mained throughout wk 4. Pigs fed only the CSW had lower (P < .05) ADG than those of the other three groups and lower gain/feed (P < .05) than those of pigs fed either phytase (Table 3 ). There was no significant difference in the ADG among the groups supplemented with phytase or inorganic P or in ADFI among all groups. The average mobility score of the group fed only the CSW (3.38) was lower (P < .05) than that of the group fed the CSW+ ECAP, Natuphos, or inorganic P (4.25, 4.46, and 4.46, respectively, SEM = .83).
Experiment 2. There were no significant differences between treatment groups in ADG, ADFI, or feed use efficiency (Table 3) . However, ADG tended to increase with the phytase dose (P = .15). Although pigs fed the CSP + 1,200 U ECAP/kg of diet or .17% inorganic P had slightly higher initial plasma inorganic P concentrations (P < .05) than those of the other groups, the effect of dietary phytase and inorganic P supplementation on plasma inorganic P concentrations was evident by wk 1 (Figure 2 ). Using the initial plasma inorganic P concentrations as a covariate in the statistical analysis of subsequent weeks did not alter our conclusions. Throughout the trial, pigs fed the CSP + 300 U ECAP/ kg of diet had the lowest, while pigs receiving .17% inorganic P supplementation had the highest, plasma inorganic P concentrations. At wk 1, plasma inorganic P concentrations increased in a fairly linear response (r = .83) to dietary phytase levels. The same was also true at wk 2, and the relationship was represented by the following regression equation: plasma inorganic P concentration (mg/dL) = 6.7485 + .003 × phytase dose (U/kg) (r = .88, P < .05). Differences in plasma inorganic P concentrations between treatment groups became smaller or disappeared at wk 3 and 4 (Figure 2) . Experiment 3. Initially, there were no significant differences in plasma inorganic P concentrations between treatment groups. By wk 1 and throughout the trial, pigs fed the CSPA + .17% inorganic P had higher (P < .05) plasma inorganic P concentrations than those of the phytase-supplemented groups (Figure 3) . Pigs fed the two sources of phytase at 700 U/kg of diet had similar plasma inorganic P concentrations throughout the study. There were no significant treatment effects on ADG, ADFI, or gain/feed (Table 3 ).
Discussion
Results from Exp. 1 indicate that our enzyme, produced by a yeast expression system, was as effective as the commercially available microbial phytase (Natuphos, BASF) in increasing the bioavailability of phytate-P to weanling pigs, at a supplementation level of 1,200 U/kg of diet. Both groups receiving phytase-supplemented diets had similar plasma inorganic P concentrations, ADG, ADFI, gain/feed, and mobility scores. As shown previously (Lei et al., 1993a; Han et al., 1998; Stahl et al., 1999) , these phytase-supplemented pigs had similar growth performance and mobility but lower plasma inorganic P concentrations than those of pigs fed inorganic P-supplemented diets. These pigs had significantly higher ADG, gain/feed, mobility scores, and plasma inorganic P concentrations than pigs fed only the P-deficient CSW. The latter developed clinical signs of P deficiency, such as lowered pasterns, bowing long bones, and immobility at wk 4. One animal from this group was euthanatized after completion of the trial. Upon necropsy at the Cornell University Veterinary College Diagnostic Laboratory, an oblique transverse comminuted fracture of the midshaft of the left femur was seen, as well as ribs that were easily broken manually. Neither of the phytase-supplemented groups nor the inorganic P-supplemented group showed any signs of P deficiency. Apparently, our newly developed phytase is able to replace inorganic P supplementation, as is Natuphos, by releasing phytate-P from the cornsoybean meal diets for utilization by the pigs. It is also worth mentioning, that despite a rapid decline in plasma inorganic P concentrations by wk 1, and severe mobility problems at the end of the study, pigs fed the CSW alone maintained ADG that were not significantly different from those of phytase-or inorganic P-supplemented pigs until wk 3. Lack of a prompt growth-retarding effect of P deficiency is different from our earlier observation (Han et al., 1998) and warrants further study.
In Exp. 2, plasma inorganic P concentrations increased in a fairly linear manner (r = .83 to .88, P < .05) in response to dietary activity levels of the new phytase at wk 1 and 2. Similarly, ADG tended to increase with the phytase dose, although the linear relationship was not significant (P = .15), probably due to the relatively small sample size. The diminishing response of plasma inorganic P concentrations to increasing phytase dose after wk 2 is likely due to adaptive changes in the metabolism of these pigs as well as to their decreasing P requirements. Overall, pigs fed the CSP + 300 U of ECAP/kg of diet had the poorest responses in growth performance and plasma inorganic P concentrations. Increasing the supplementation of ECAP from 900 to 1,200 U/kg of diet did not produce significant differences in growth or plasma inorganic P concentrations. Both 900 and 1,200 U/kg of diet provided higher (P < .05) plasma inorganic P concentrations than 600 U/kg of diet, and no significant difference in ADG, ADFI, or gain/feed compared to pigs fed inorganic P. Clearly, the appropriate inclusion level of this new phytase, for this age of pigs, is between 600 and 900 U/kg of diet.
Results of Exp. 3 extend our findings from Exp. 1 and 2 in two ways. First, the new phytase at the supplementation level of 700 U/kg of diet was as effective as Natuphos. Just as at the level of 1,200 U/kg of diet, the source of phytase did not produce significant differences in growth performance or plasma inorganic P concentrations. Second, the appropriate inclusion level of the new phytase is indeed between 600 and 900 U/kg of diet; 700 U/kg of diet was as effective as .17% inorganic P supplementation in maintaining ADG, ADFI, and gain/feed ratio. This activity level is within the range suggested by Liu et al. (1997) and Cromwell et al. (1995) .
Notably, efficacy of ECAP or Natuphos was not affected by the differences in protein sources (whey protein concentrate or plasma protein) or citric acid (0 vs .2%) among the three basal diets used in the present study. Given their possible nutritional and metabolic effects, these products might not have been included at sufficiently high levels and(or) tested for adequately long times to alter the action of phytase. Likewise, differences in biochemical properties between ECAP and Natuphos did not affect their ability to release dietary phytate-P for the P needs of pigs. Earlier, ECAP was shown to have a single pH optimum of 2.5 (Rodriguez et al., 1999a) , whereas Natuphos has two pH optima, 2.5 and 5.5 (Wodzinski and Ullah, 1996) . In vitro phytate P hydrolysis assays indicate that ECAP was more active between pH 2.5 and 3.5 than Natuphos (Rodriguez et al., 1999b) . The stomach pH of the pigs used in Figure 3 . Effect of dietary phytase source on plasma inorganic P concentrations in Exp. 3. Values are means for seven pens of two pigs each. Within a time point, means not sharing a common superscript letter are significantly different (P < .05). The SEM were as follows: wk 0, .24; wk 1, .23; wk 2, .32; wk 3, .28; wk 4, .24; and wk 5, .20. our study may not have been sufficiently low, due to their young age and relatively low citric acid addition (Han et al., 1998) , to show the potential catalytic difference between these two phytase. Also, Yi and Kornegay (1996) and Jongbloed and Mroz (1999) have stated that plasma inorganic P concentrations seem to be less indicative of phytase efficacy than total tract P digestibility and retention of dietary P, or ash percentage of 10th rib and metacarpals. However, we have seen that plasma inorganic P concentration is highly correlated with bone strength and growth in young pigs (Han et al., 1997 (Han et al., , 1998 . Although it may be affected by age, weaning, and other factors, plasma inorganic P concentration seems to be a good indictor of body P status in nonterminal pig studies.
Implications
A new phytase (ECAP) is as effective as commercially available phytase (Natuphos, BASF) in improving the bioavailability of phytate-phosphorus to young pigs at inclusion levels of both 700 and 1,200 U/kg of diet. Dietary supplementation of this enzyme at levels of 600 to 900 U/kg of diet may be capable of replacing inorganic phosphorus supplementation in the diets of weanling pigs. Future studies will be needed to determine more accurate inclusion levels of this new phytase and optimal conditions for its function in diets for different types of pigs.
Literature Cited
